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ABSTRACT
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Title of Study: The ecological significance of phyllosphere leaf traits on throughfall
hydrology, biogeochemistry, and leaf litter quality among oak (Quercus
spp.) species in the Southeastern United States
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Oaks (Quercus spp.) are a dominant genus in forests across the United States that
have been declining due to fire suppression and forest mesophication. The reduction of
these species may alter forest hydrologic and biogeochemical cycling. Canopy-derived
nutrients and interspecific temporal distribution of leaves were quantified under oak and
hickory (Carya spp.) species in Mississippi during 2014-2016. Throughfall quantity and
chemistry were measured during every storm event under oak and hickory species.
Interspecific leaf litter was collected weekly to quantify the timing of leaf fall and leaf
litter nutrient content. Throughfall volume and solute fluxes were impacted by
seasonality. Mg2+ and DOC were greater in throughfall than precipitation. Leaf loss was
slower in oak species during leaf fall. Slower decay in oak litter may correlate with
higher C/N ratios compared to hickory species. Results of this study indicate oak species
are an important contributor to forest hydrology and nutrient cycling.
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INTRODUCTION
Oaks are a dominant canopy species in many forest ecosystems across the Eastern
United States that contribute vital ecosystem services through water and nutrient cycling
(de Groot et al. 2002). Given the prevalence, persistence, and diversity of oak species in
forest ecosystems, it is likely that these species strongly mediate nutrient cycling when
present (Carlisle et al. 1967; Abrams 2003; Alexander and Arthur 2014). During the past
century, the decline of upland oak species has led to a shift in species composition in
temperate deciduous forests from shade intolerant, xeric species to more shade tolerant,
mesic species (Abrams 2003; Alexander and Arthur 2010). Several factors including fire
suppression, disease, increasing herbivore populations and climate change are
hypothesized to limit oak regeneration in forest ecosystems (Abrams 1992). In the
southeastern portion of the United States, increased understory growth due to fire
suppression has created cooler and more humid understory microclimates. Specific tree
species such as oak have begun to decrease in numbers because they require fire to
reduce competition from faster growing fire intolerant tree species.
Forest canopies are an important pathway for forest water and nutrients (Lovett
and Lindberg 1984). The canopy alters the quality and quantity of rain passing through
(Alban et al. 1978). Oaks have large, long-living (200-600 years) crowns that may
partition greater amounts of vital water and nutrient fluxes into forest ecosystems
1

compared to other tree species (Carlisle et al. 1967; Carlyle-Moses and Laureano 2004;
Alexander and Arthur 2010, 2014; Bhat et al. 2011).The recent decline of oak species has
the potential to alter water and nutrient fluxes. It is therefore necessary to examine how
water and nutrients are cycled by oak species in forest ecosystems so that future
management practices can conserve forest health by including the importance of oaks to
these processes. It is widely unknown how the diminishing dominance of oak species and
subsequently increasing presence of shade-tolerant and mesophytic understory vegetation
will influence throughfall hydrology, biogeochemistry, and leaf litter content in forests of
the United States. This connection must be studied to gather knowledge of its
significance, and to provide information for forest management practices. The objectives
of this research are to [1] quantify the contribution of oak species to canopy-derived
throughfall and leaf litter chemistry, [2] determine interspecific leaf litter nutrient traits,
[3] and document the timing and duration of leaf fall for oak species in an oak-hickory
forest in Mississippi.

2

LITERATURE REVIEW
2.1

Throughfall Hydrology in Forest Ecosystems
Forests are vital to water quality and quantity by filtering harmful substances from

water through root systems and reducing runoff by retaining water in plant biomass and
soils. Approximately 80% of U. S. freshwater resources are estimated to originate from
forests (Fox et al. 2007). Forest hydrologic cycles are closely tied to biogeochemical
cycles as water transports essential nutrients in and out of a forest system. Water and
nutrients required for biologic activity enter forest ecosystems through different pathways
(Table 2.1). Within an ecosystem, nutrients move through biogeochemical cycles
involving interactions of elements among the earth’s atmosphere, water, living
organisms, and soil. (Schimel et al. 1991). Understanding these hydrologic and
biogeochemical processes can better define the amount of nutrients and water available in
an ecosystem. Storm climatology and forest canopies largely affect the amount of water
inputs. Individual rain events contribute varying hydrologic and chemical components to
forests depending on the location, amount, duration, and the intensity of the storm (Tobón
et al. 2004). The interception of precipitation through canopy interactions results in a
portion of rainfall that will evaporate from stems, leaves, and twigs and eventually
returns water vapor into the atmosphere. In a temperate forest ecosystem, interception by
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foliage, branches, and stems accounts for 15-50% of incident precipitation (Gerrits et al.
2010).
Table 2.1

Common input sources of nutrients and their importance to forest
ecosystems.

Nutrient

Nutrient Source

Nutrient Importance

Carbon (C)

Gases, weathering of parent
material, organic plant and
animal material.
Sea and road salt, industrial
HCl, atmospheric deposition.
Dry deposition, sea salt, gases,
H S from biological decay,
volcanoes, soil
particulates, forest and fossil
fuel burning to SO2.

Required for plant structure
and function.

Dry deposition, combustion of
fossil fuels, forest burning,
nitrogen fertilizers, biological
activity, bacterial decay,
animal waste.

Essential for element for plant
growth, amino acids and
protein synthesis, chlorophyll
production, and growth
regulators.

Calcium (Ca2+)

Dry deposition, organic acids,
free ions, and salts.

Potassium (K+)

Dry deposition, organic acids,
free ions, and salts.

Magnesium (Mg2+)

Organic acids, free ions, and
salts.

Plays a role in regulatory
processes and a messenger in
growth and development.
Required for photosynthesis,
translocation of
carbohydrates, protein
synthesis, stomatal control,
and enzyme activation.
Important component of
chlorophyll and enzyme
systems.

Chloride (Cl )
-

Sulfate (SO )
2-

4

2

Nitrate (NO3-)
Ammonium (NH4+)

(Adapted from Wenger 1984; Perry et al. 2008).

Important for enzymatic
regulation and photosynthesis.
Required for plant hormone
and protein synthesis.

Precipitation that is not intercepted is partitioned by tree canopies into
hydrological fluxes such as throughfall and stemflow. Throughfall is the precipitation
falling through the canopy to the forest floor and accounts for 70-90% of incident rainfall
4

in temperate forests (Levia 2006). Throughfall may drip from vegetative surfaces or fall
through canopy gaps (i.e., free throughfall) (Marin et al. 2000). Stemflow is the
precipitation captured by the canopy then funneled down the stem of trees and produces
3-10% of forest soil water inputs (Neary and Gizyn 1994; Levia and Frost 2003, 2006).
Incident rainfall is distributed into these pathways by:
Pg = I + TF + SF

(2.1)

where Pg is incident precipitation, I is interception, TF is throughfall, and SF is stemflow.
2.2

Species Composition Influences Throughfall Chemistry
Water interactions with forest canopies are an important pathway for nutrient

cycling (Lovett and Lindberg 1984). While the canopy intercepts rain, certain nutrients
scavenged from the atmosphere (atmospheric deposition) as well as those tied in the
tree’s biomass are washed and leached from branches and foliage to the forest floor and
soil (Alban et al. 1978). Leaching is defined as the removal of substances from plant
tissues by water solutions (Tukey 1970). Potter et al. (1991) demonstrated that
throughfall leaching provided elements to forest ecosystems such as SO4-2, K+, Ca2+, and
Mg2+. Abrahamsen et al. (1980) reported the precipitation input of H+ ions resulted in an
increase of cation leaching of essential nutrients from foliage thus recycling canopy
nutrients to the forest floor. H+ ions bind to cation exchange sites in the leaves and soil
which increase leaching opportunities by dislodging other positively charged elements
(Li and Johnson 2016).
Interspecific differences in species canopy structure as well as leaf physiology
influence the quality and quantity of nutrient availability (Cornwell et al. 2008).
5

Throughfall solute fluxes are greatest beneath a leafed canopy because leaves increase the
crown surface area for nutrient capture and leaching interactions (Van Stan 2012). PerezSuarez et al. (2008) documented higher ion concentrations (NO3–, SO42–, Ca2+, Mg2+, and
K+) in throughfall under fir (Abies spp.) canopies compared to pine canopies (Pinus spp.)
and open areas which were attributed to larger foliar surface areas in fir species that
increased leaching and atmospheric scavenging potential.
In deciduous forests, nutrient fluxes are influenced by the seasonal growth and
loss of leaves (Bhat et al. 2011).The presence of leaves increases throughfall solute flux
by leaching nutrients during times of physiological activity (Potter et al. 1991). Seasonal
trends in the concentrations of K+ and Ca2+ in throughfall in a temperate deciduous forest
increased during the growing season due to canopy leaching (Moffat et al. 2002). Neary
and Gizyn (1994) found seasonal patterns in throughfall chemistry where H+ and SO42−
increased during the growing season, K+ was leached most readily from the canopy
during senescent and dormant periods, and NH4+ and H+ were translocated back to
internal tree structures during the senescent period. These seasonal changes in overstory
canopy composition and light are known as phenoseasons (Hutchison and Matt 1977).
Duchesne et al. (2001) examined nutrient pools throughout several phenoseasons and
noted that throughfall concentrations of organic N, PO43-, and K+, via foliar leaching
underneath a Canadian hardwood forest, increased after buds were produced and
remained constant until leaf fall when trees translocated nutrients back into their woody
biomass. Hagen-Thorn et al. (2006) found that K+ had the greatest loss via throughfall
compared to SO42-, Mg2+, and Ca2+ in a mixed deciduous stand in Southern Lithuania
because K+ is weakly bound by vegetation. Lovett and Lindberg (1984) found SO4-2,
6

NO3-, K+, and Ca2+ concentrations were 2 to 12 times greater during the growing season
than during the dormant season in an oak forest in Tennessee. This highlights the
importance of deciduous foliage in modifying precipitation chemistry via foliar leaching
and dry deposition scavenging.
2.3

Leaf Litter Quality and Quantity in Forest Ecosystems
Leaf litter is the input of dead organic leaf material to the forest floor (Murphy et

al. 1998). Decomposition and leaching processes from litterfall increase nutrient content
in soils (Swift et al. 1979). A large concentration of plant nutrients such as C, N, P, K,
Ca, Mg, and S are found within leaves and are released during decomposition (Jacob et
al. 2009). Litter decomposition is controlled by various factors: climate, species
composition, litter quality, and the amount of decomposer organisms in the soil (Aerts
1997; Cotrufo et al. 1994). C, N, and lignin concentrations are indicators of litter quality
due to their influence on microbial activity and litter decay rates (Berg et al. 1996;
Gallardo and Merino 1993; Stohlgren 1988; Schlesinger and Hasey 1981; Berg and Staaf
1980). Lignin and tannins in detritus are slow decomposing carbon components of
vegetation that reduce the rate of nutrients released into a forest ecosystem (Bot 2005;
Basaraba and Starkey 1966). Certain tree species have leaves or needles with lower litter
quality due to the waxy covering known as cuticle layers that immobilizes nutrients
compared to non-waxy species (Wardle et al. 2009). Some leaves on different tree
species have trichomes or leaf hairs/outgrowths that are unpalatable to organisms and
slowly decompose (Neinhuis and Barthlott 1998). The balance of C and N, commonly
expressed as C/N ratios is also an important component to decomposition processes
because organisms require C for energy and N for protein production (Cornelissen et al.
7

2011). Organisms responsible for litter decay require an average C/N of 30 (Jacob et al.
2009). If the C/N ratio is high (limited N), decay rates will be reduced because N
amounts will be limiting to microorganisms (Wardle et al. 2009). Species-specific leaf
litter composition alters decomposition rates because of differences in C/N ratios.
2.3.1

Climate Influences Leaf Litter Quality
Leaf litter quality and quantity is influenced by ecosystem processes such as

mineralization, plant nutrient uptake, and water availability (Moffat et al. 2002). The
most dynamic soil horizon is the organic layer due to the direct impact of temperature
and litter inputs. Tamm (1988) documented the increases of N, K, and P in deciduous leaf
litter across phenoseasons with the largest increase of nutrient concentration occurring at
the beginning and end of the growing season for each of these nutrients. Decomposition
of leaf litter is greatly affected by seasonality and subsequently temperature and moisture
(Swift et al. 1979; Waring and Schlesinger 1985). Warmer temperatures in the spring and
summer increase the metabolic processes in soil microbes which increases microbial
breakdown leaf litter (Abrahamsen et al. 1980). Gosz et al. (1973) reported
decomposition rates significantly reduced leaf mass during the warmer summer
temperatures for yellow birch (Betula alleghaniensis), sugar maple (Acer saccharum),
and American beech (Fagus grandifolia). During the dormant season, cooler
temperatures decrease biological activity and reduce rates of decomposition and nutrient
availability. A southeastern hardwood study quantified various hardwood leaf mass
dynamics throughout phenoseasons and noted microbial decline in the winter, caused by
temperature decrease, which reduced leaf litter decomposition rates (Seastedt and
Crossley 1980).
8

2.3.2

Species Composition Influences Leaf Litter Quality
Interspecific differences in canopy foliar traits determine the composition and

volume of leaf litter production. Deciduous forests, for instance, lose leaves exclusively
during leaf senescence. In three deciduous Rocky Mountain forests, leaf litter accounted
for 66 to 86% of the total litter mass, 63 to 90% of N, and 49 to 92% of the P returned
annually in aboveground deciduous litter (Laiho and Prescott 2004). Leaf litter contained
higher Ca2+ concentrations under western red cedar (Thuja plicata) canopies due to the
larger canopy area that increased the opportunity for Ca2+ atmospheric deposition
scavenging and vegetative leaching (Alban 1969). There were also greater N
concentrations in leaf litter under canopies with N-fixing species such as alder trees
(Alnus) (Binkley 1983). Variation in nutrient availability in stands of different tree
species may be largely due to differences in the decomposability of their foliar litter.
Many studies have reported faster decomposition in broadleaf litter compared to needle
litter because needles contain a thick waxy cuticle that is not easily broken down by
detritivores (Flanagan and Van Cleve 1983; Klemmedson 1962). Litter of many
broadleaved species have higher concentrations of base cations than conifers and usually
create more nutrient rich forest floors as a result (Binkley 1983).
2.4

The Influence of Oaks to Forest Hydrology, Biogeochemistry, and Leaf Litter
Quality
Oaks are a dominant genus in many forests across the United States that exhibit

important ecological roles through different morphological and phenological traits. Little
(1979) identified 58 native oak species in North America, with more than half of them
located in the Eastern United States. This large range associates oaks with a wide variety
9

of overstory and understory species (Smith 1993). Oaks make a large contribution to
forest ecosystem processes through hydrological and biogeochemical cycling. Forest
water and nutrient cycling is influenced by the size, shape, development, growth, and
distribution of tree crowns (Franklin et al. 2002). Therefore the large, long living crowns
of oak (Burns and Honkala 1990) have the potential to partition large amounts of water
and nutrients into a forest ecosystem. The vast biomass and large deciduous canopies of
oaks produce large amounts of leaf litter, which largely determines the amount of
nutrients to be recycled and available in a forest (Prescott 2002). During the past century,
it has become apparent that oak decline has led to a shift in species composition in
temperate deciduous forests (Abrams 2003; Alexander and Arthur 2010). Several factors
including fire suppression, disease, increasing herbivore populations and climate change
have led to the reduction of oak in forest ecosystems (Abrams 1992). Historically, low
intensity fires created a disturbance that opened canopies creating gaps that promoted
height growth for oak species (Abrams 1992). Fires also prevent faster-growing shadetolerant trees from outcompeting slower growing and fire-resistant oak species (Abrams
1992). have shown that the predicted shift of species, mainly due to the change of fire
regimes, have led to more shade-tolerant and mesic thriving species, such as red maple
(Acer rubrum) (Alexander and Arthur 2010).
2.4.1

Impact of Oak Decline to Throughfall Hydrology
Changes in species composition of forests can have a major impact on hydrologic

inputs to a site (Cadler 1990; Fowler 1989) and influence water quantity and site fertility
in oak ecosystems (Robertson et al. 2000). For instance, Alexander and Arthur (2010)
noted that throughfall was reduced by 3-9% beneath red maple compared to chestnut oak
10

(Q. montana) and scarlet oak (Q. coccinea). Potter et al (1991) found similar results
indicating that red maple had lower throughfall amounts in relation to oak species.
Throughfall partitioning under temperate oak-hickory forests was 80-96% of incident
precipitation whereas under other temperate deciduous forest types, throughfall was only
~78% (Price and Carlyle-Moses 2003; Peterson and Rolfe 1979).
2.4.2

Impact of Oak Decline to Throughfall Biogeochemistry
Interspecific differences of water and nutrient cycling between oak and other

species are apparent throughout various studies. Morris et al. (2003) noted that black
spruce (P. mariana) forests had lower concentrations of K+, Mg 2+, and NO3- in
throughfall whereas evergreen oak (Q. ilex) forests had a greater ion input. NH4+ is an
essential nutrient that is often limited in forest ecosystems (Perry et al. 2008). Red maple
had lower NH4+ concentrations in throughfall with relation to oak species (Potter et al.
1991). It is likely that lower solute concentrations in throughfall could be related to the
smaller diameter, lower basal area, and shorter canopy in red maple compared to oak
species. Alexander and Arthur (2010) compared smaller canopied red maple to different
oak species (Q. prinus and Q. coccinea) and noted that significantly lower NH4+
concentrations were found beneath red maple canopies.
2.4.3

Impact of Oak Decline to Leaf Litter Content
Oak species produce large amounts of leaf litter in forest ecosystems. Carlisle et

al. (1967) documented the input of sessile oak (Q. petraea) leaves in a mixed stand for 1
year and a large contribution of the litter in this stand was produced by sessile oak
(5195·6 kg ha-1) with other deciduous and coniferous species producing 6665·6 kg ha-1.
11

Leaf litter content of oak species has a chemical composition that contributes nutrients to
forest ecosystems differently than other tree species. The leaf structure consists of wax
crystalloid layers that increase as the leaves mature (Kolattukudy 1976). Leaves from oak
trees generally contain high tannin concentrations and are less palatable to detritivores
than leaves from other deciduous species (Hendriksen 1990; Ostrofsky 1997;
Hättenschwiler and Gasser 2005; Holdsworth et al., 2008). Thus, oak leaves have a
slower nutrient release which may be beneficial when other litter has already decomposed
during the growing season (Davies and Howard-Williams 1979). Studies show N
concentrations to be lower in red maple leaves (0.43 mg N g -1) compared to scarlet oak
(0.55 mg N g -1) and chestnut oak (0.53 mg N g -1) (Alexander and Arthur 2014).
Dahlgren et al. (1997) demonstrated that the large root systems of oak captured nutrient
leachates from leaf litter that would otherwise be lost from the ecosystem.

12

METHODS
3.1

Site Description
An experimental field site was established at Sessums Natural Area (SNA) in

Starkville, Mississippi (33.42 N, 88.76 W) in 2014 to monitor throughfall hydrology,
biogeochemistry, and leaf litter content (Figure 3.1). Annual summer temperatures (JJA)
range from 23.5 ̊C to 27.7 ̊C with an average precipitation of 11.00 cm per month. Annual
winter temperatures (DJF) range from 6.6 ̊C to 14.4 ̊ C with an average precipitation of
13.86 cm per month (20 year average) (SRCC 2014). Leaf emergence typically begins in
April. Senescence occurs during late October to mid-November with some degree of
interannual variation. This site is characterized by mature white oak (Q. alba), post oak
(Q. stellata), cherrybark oak (Q. pagoda), Shumard oak (Q. shumardii), shagbark hickory
(Carya ovata) and pignut hickory (Carya glabra).
Forest site productivity and composition is defined by the underlying geology.
This site is located on the geologic transition of Demopolis chalk and the Ripley
formation (USDA, 2014). SNA is dominated by Kipling/Sumter soil with a smaller
component of Savannah soils. The Kipling soil series is deep, poorly drained and low
permeable clay soils located on the Blackland Prairie slopes (NRCS 2013). The Savannah
soil series is moderately to well-drained fine sandy loam soils on the uplands in the
southern coastal plains (NRCS 2014).
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Figure 3.1

Throughfall quantity, quality, and leaf litter content was collected at
Sessums Natural Area (SNA) in Starkville, Mississippi (33.42 N, 88.76
W).

Precipitation was collected at the Dairy farm 2.5-3 km from SNA.
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3.2

Experimental Design
Oak species have different crown traits compared to hickory species. Table 3.1

shows the average canopy attributes of several oak and hickory species located at the
SNA site. Sample trees were selected for canopy dominance within the stand. Oak and
hickory species were measured for diameter at breast height (DBH), crown area, and tree
height for three trees of each study species. DBH was recorded using a diameter tape on
the bole of each tree. Crown area for each tree was calculated by measuring the crown’s
radius at 6 different locations and taking the average of these measurements. Area
calculations were made using the area formula:
Canopy area = πr 2

(3.1)

where r is the radius of the canopy. Tree height was measured using a LTI TruPulse 360°
R Laser Rangefinder.
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Table 3.1

Average oak and hickory diameter at breast height (DBH), crown area, and
tree height of the trees in this study located at Sessums Natural Area.
Tree Species

3.3

DBH
(cm)

Crown Area
(m2)

Tree height
(m)

Shumard oak

65.4

47.6

40.7

Cherrybark oak

68.6

179.1

48.0

Post oak

59.1

147.4

25.2

White oak

66.6

132.6

45.1

Pignut hickory

43.9

76.6

23.1

Shagbark hickory

35.7

44.4

21.8

Precipitation and Throughfall Hydrology
A 1L high density polyethylene bottle (HDPE) fitted with a 20.32 cm diameter

funnel was deployed under three canopies of each tree species to collect throughfall
quantity for analysis at the event level. The definition of discrete storm events for this
study was a rainfall event greater than 0.5 cm. Events below this amount were omitted
from collection because of volume requirements for laboratory analysis. A precipitation
collector was located at the nearest accessible open location, approximately 2.5-3 km
away from SNA at the MSU Dairy Farm (Figure 3.1). Each throughfall collector at SNA
was placed midway between the main bole and the edge of the crown drip line to ensure
that all water collected was from the designated tree crown. Throughfall containers were
randomly relocated bimonthly to capture variation under the crowns of each species
selected for observation. Rainfall amount (cm), duration (hr), intensity (cm/hr), and
wetting/drying cycles were recorded using an Onset HOBO Data Logging Rain Gauge16

RG3-M (TE525MM, Dallas TX) located at the MSU Dairy Farm. Rainfall intensity was
calculated by dividing total rain depth (cm) over duration of rain hours. The amount of
water and nutrients in a forest can be altered by the amount of antecedent spaces during a
storm (Levia 2006). Therefore a wetting/drying cycle was defined as 6 hours without
rainfall for the duration of an event. To convert volumetric measurements of precipitation
and throughfall into comparable depth equivalents, the following equation was used:

D=

V
A

(3.2)

where D is the depth of throughfall or precipitation (cm), V is the measured volume of
water collected during an event (cm3), and A is the area of the 20.32 cm diameter funnel
(324.29 cm2).
3.4

Precipitation and Throughfall Chemistry Analysis
Throughfall and precipitation chemistry samples were collected using 1L HDPE

bottle fitted with a 20.32 cm diameter funnel. Wool gauze was inserted into the neck of
the funnel to prevent the entry of large particles and collection bottles were enclosed in
opaque bags to prevent algal growth that may alter sample chemistry (Robertson et al.
2000). All water samples were collected within 24 hours, measured for pH using an
AP951 Accumet pH meter (Fisher Scientific, Middleton WI) and filtered using durapore
membrane filter paper to remove particulates greater than 0.45 µm. Samples were stored
at 4 ̊C. All samples were analyzed for major cations (Na+, K+, Ca2+, Mg2+, NH4+), anions
(Cl-, SO42-, NO3-), dissolved organic nitrogen (DON), and dissolved organic carbon
(DOC). Cations and anions were measured using wet ion chromatography (Dionex DX500, Thermo Fisher Scientific Inc., Waltham MA, AS40). DON was calculated by
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subtracting total kjeldahl nitrogen (TKN) from NH4+ (DON = TKN- NH4+). TKN was
obtained using a persulfate digestion method and colorimetry methodologies
(Bran+Luebbe Autoanalyzer 3, SEAL Analytical Inc., Mequon WI). DOC was quantified
by spectrometry with a HACH Low Range Total Organic Carbon Test kit and run on a
HACH DR 5000 UV-Vis Spectrophotometer (Loveland CO, 80539). All samples were
run in the Forest Hydrology and Soils Laboratory at Mississippi State University. This
laboratory follows the QA/QC protocols outlined by the EPA.
3.5

Leaf Litter Content
Leaf Area Index (LAI) is the single-sided leaf area per unit ground surface area

(m2 m-2). LAI was calculated throughout the leaf fall period to determine interspecific
leaf retention of oak and hickory species. The leaf area index was calculated by:
LAI =

FDW×SLA
Z

(3.3)

where FDW is the foliar dry weight (g), SLA is the specific leaf area (cm2 g-1),
and z is the litter trap area (m2). Leaf litter traps (0.75m2) were placed in SNA (10 total)
to quantify the total amount of leaf fall and calculate leaf retention for each species.
These traps were positioned near the riparian area (5 traps) and in the upland portion (5
traps) of the site. Leaf litter in each trap was collected weekly. Upon returning to the
laboratory, leaf litter samples were separated by species, dried, and weighed to determine
average leaf litter mass (g) by species. Specific leaf area (SLA) was calculated using:
ALA

SLA = ALW

(3.4)

where ALA is the average leaf area (cm2) and ALW is the average leaf weight of
5 leaves for each species (g). To measure ALA, 40 leaves from each species were
18

collected from leaf litter traps and scanned on a LI-COR LI-3100 area meter (Lincoln
Nebraska, 9001) (Table 3.2). Samples were prepared for nutrient content by drying and
grinding leaflets into <0.250 mm particles and analyzed for C and N on an ECS 4010
Elemental Combustion System CHNS-O (Valencia CA).
After leaf fall ended, weekly samples of leaf litter were collected directly from the
forest floor to monitor changes in litter mass and chemistry of the Oa horizon. These
samples were collected weekly using a 0.50m2 quadrat that was randomly placed in 6
different locations throughout the study plot. All leaves in the quadrat were collected and
analyzed similarly to the leaves in the leaf litter traps.

Table 3.2

Oak and hickory species leaf traits (average leaf area, leaf mass, and
specific leaf area) at Sessums Natural Area.

Tree Species

Leaf Area
(cm2)

Leaf Mass
(g)

Specific Leaf Area
(cm2 g-1)

Shumard oak

54.4

65.8

120

Cherrybark oak

49.1

46.4

7

Post oak

65.1

60.5

120

White oak

5.9

55.8

9

Hickory

78.1

99.6

29
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3.6

Throughfall Hydrology and Chemistry Analysis
Inter- and intraspecific differences between throughfall volumetric fluxes for

individual storm events at SNA were determined using analysis of variance (ANOVA).
Concentrations of throughfall and precipitation ion solute concentrations were calculated.
Solute concentrations were summarized by grouping each tree species into red oak (RO),
white oak (WO) and hickory (HI) to assess variations between tree species. Variation
between seasonality during the leafless (Jan.-Mar.) and leafed (Apr.-Dec.) seasons was
also compared. All analyses were performed in R (R Core Team 2015).
3.7

Leaf Litter Quality and Quantity Analysis
Time series plots were created to visualize temporal changes in canopy LAI from

LAI collections (described above). Leaf litter was also summarized by grouping each tree
species (SG) into red oak (RO), white oak (WO), hickory (HI), and miscellaneous species
(non-oak and non-hickory species (Misc.)). ANOVA was used to test for significant
differences in C/N ratios of leaf litter between species groups and across time during leaf
fall.
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RESULTS
4.1

Throughfall Hydrology and Chemistry
There were 35 rain events during the two year study period with 25 events

exceeding 0.5 cm of precipitation. Several storm events, particularly those with higher
winds, had malfunctioning precipitation or throughfall gauges. Out of these events, 16
had > 0.5 cm precipitation and were sampled for throughfall hydrology and chemistry
(Table 4.1). Storm events averaged 2.45 ± 1.17 cm of precipitation during the leafless
period and 1.78 ± 1.18 cm during the leafed period. Seasonal differences in storm
climatology for this region were apparent. During the dormant and early leaf emergence
period (Jan.-Apr. 2015), storm events were longer, lower in intensity, and higher in
rainfall quantity compared events later in the season (Table 4.1). Events during these
months also had more wetting/drying cycles. Shorter duration, higher intensity rain
events produced fewer wetting/drying cycles during the growing season (Apr.-Sept.).
Throughfall volumetric flux was not significantly different between species or
between leaf phases; however general patterns indicate some variability. Average
throughfall volumetric flux was partitioned similarly in RO (36.8%) and WO (36.9%)
species. HI had a lower average throughfall volumetric flux throughout this study
(28.9%) (Figure 4.1). Across all tree species, average throughfall volumetric flux was
26.2% higher during the leafless phase (Jan.-Mar.) (Figure 4.1). RO throughfall
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volumetric flux was 11.9% larger in the leafless period. WO species had 16.7% increase
and HI had a 21.9% increase (Table 4.1).

Table 4.1:

Precipitation (Pg) and throughfall (TF) volumetric flux (cm) of different
species groups (red oak (RO), white oak (WO), hickory (HI)), in relation
to storm meteorological characteristics for 16 rain events.
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Figure 4.1

Throughfall volumetric flux for 16 rain events under each species group
(red oaks: RO, white oaks: WO, and hickory: HI) during the leafless (Jan.Mar.) and leafed (Apr.-Sept.) phases.

The black line indicates a 1:1 line.

There was very little variation between species groups, precipitation, and leaf
phases for pH levels in all water samples. WO species groups had a slightly lower annual
pH level by 5.7%. Throughout this study, pH levels ranged from 5.84-6.60. Therefore
precipitation and throughfall had slightly acidic water content (Table 4.2).
Table 4.1

Average values and standard deviations for pH levels in precipitation (Pg)
and throughfall (TF) throughout the study period (annual average), during
the leafless (Jan.-Mar.), and leafed (Apr.-Dec.) period for each species
group (SG) (red oak: RO, white oak: WO, hickory: HI).
Species group
Pg
RO
WO
HI

Annual Average Leafless Average
6.24 (1.56)
6.10 (0.43)
5.91 (0.37)
6.12 (0.38)

5.84 (0.41)
6.19 (0.47)
5.93 (0.47)
6.22 (0.50)
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Leafed Average
6.60 (0.39)
6.04 (0.47)
5.90 (0.30)
6.06 (0.26)

Throughfall solute concentrations had no significant differences between species
groups. However, significant differences between throughfall and precipitation were
observed in Mg2+ and DOC (Table 4.3). K+, Ca2+, Mg2+, SO42-, DON, and DOC showed a
significant increase for precipitation and all species groups during the leafed phase.
Although not significantly different, all average annual solute concentrations were higher
in one or more oak species group compared to hickory species with the exception of
throughfall Ca2+ and Cl-. DOC was observed to have the largest solute concentration
compared to other solutes (71.6% higher in all species groups) in throughfall and
precipitation whereas Mg2+ had the lowest (Table 4.3). Although not significantly
different, the majority of solutes generated higher concentrations underneath the canopies
of each species group compared to precipitation; with the exception of NH4+, Cl-, and
SO42- (Table 4.3). All average solute concentrations were generally higher during the
leafed phase with the exception of Na+ and NO3- (Table 4.3).
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Table 4.2

Average values and standard deviations for major solute concentrations
(mg L-1) in precipitation (Pg) and throughfall (TF) throughout the study
period (annual average), during the leafless (Jan.-Mar.), and leafed (Apr.Dec.) period for each species group (SG) (red oak: RO, white oak: WO,
hickory: HI).

Species Group

Annual Average
(mg L-1)

Leafless Average
(mg L-1)

Leafed Average
(mg L-1)

2.07 (2.07)
3.47 (6.89)
1.60 (1.10)
1.46 (1.23)

1.07 (0.44)
1.55 (0.83)
1.68 (0.95)
1.42 (0.38)

3.25 (4.27)a
2.29 (2.16)a
1.26 (0.44)a
2.70 (1.41)a

3.74 (4.99)b
7.31 (5.05)b
9.25 (1.39)b
8.39 (4.62)b

0.17 (0.05)a
2.52 (2.74)a
2.11 (0.47)a
2.83 (0.71)a

0.43 (0.42)b
3.68 (2.26)b
3.28 (1.43)b
4.63 (2.88)b

0.17 (0.05)a
0.32 (0.35)a
0.26 (0.09)a
0.41 (0.17)a

0.43 (0.42)b
0.79 (0.51)b
0.72 (0.31)b
0.70 (0.29)b

0.96 (0.48)
0.63 (0.58)
0.22 (0.22)
0.18 (0.17)

1.25 (1.39)
0.63 (0.53)
0.77 (0.69)
0.66 (0.44)

2.54 (4.74)
1.33 (0.85)
1.65 (1.45)
1.60 (0.94)

4.37 (7.06)
1.83 (1.02)
1.79 (0.76)
1.90 (0.71)

Na+
Pg
RO
WO
H

1.65 (1.63)
2.51 (4.90)
1.64 (1.00)
1.44 (0.89)
K+

Pg
RO
WO
H

3.54 (4.57)
5.72 (4.91)
6.71 (5.82)
6.58 (4.71)
Ca2+

Pg
RO
WO
H

2.77 (1.85)
3.31 (2.42)
3.63 (1.60)
3.99 (2.50)
Mg2+

Pg
RO
WO
H

0.32 (0.34)
0.64 (0.51)
0.57 (0.34)
0.61 (0.29)
NH4+

Pg
RO
WO
H

1.18 (1.23)
0.62 (0.53)
0.53 (0.59)
0.50 (0.43)
Cl-

Pg
RO
WO
H

3.40 (5.66)
1.61 (0.96)
1.72 (1.11)
1.77 (0.82)
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Table 4.2 (Continued)
NO3Pg
RO
WO
H

0.18 (0.15)
0.15 (0.17)
0.19 (0.16)
0.13 (0.13)

0.13 (0.11)
0.15 (0.21)
0.24 (0.20)
0.20 (0.14)

0.22 (0.17)
0.12 (0.12)
0.13 (0.13)
0.06 (0.07)

1.72 (2.99)a
3.39 (2.99)a
3.82 (2.63)a
4.87 (2.89)a

10.83 (3.21)b
5.09 (3.21)b
6.08 (4.00)b
4.61 (2.70)b

NAa
0.19 (0.53)a
0.69 (0.97)a
0.25 (0.49)a

0.94 (0.53)b
2.09 (3.09)b
0.27 (0.97)b
1.03 (1.73)b

SO42Pg
RO
WO
H

6.63 (8.27)
4.41 (3.16)
5.13 (3.59)
4.72 (2.70)
DON

Pg
RO
WO
H

0.27 (1.17)
1.30 (2.53)
0.49 (0.95)
0.70 (1.37)
DOC

Pg
5.64 (6.16)
5.13 (4.95)a
6.16 (7.45)b
RO
15.75 (22.02)
7.78 (4.81)a
22.40 (28.29)b
WO
22.81 (25.32)
9.22 (4.81)a
35.16 (30.24)b
H
21.02 (18.30)
8.21 (7.15)a
27.91 (20.28)b
Letters (a, b) indicate significant differences in the ANOVA test between leafless and
leafed averages for each species group.

Statistical tests exhibited no differences between species groups, precipitation, or
leaf phases for Na+ concentrations. General trends show annual Na+ concentrations to be
38.6% higher in RO species relative to WO and HI species (Figure 4.2). Average annual
Na+ concentrations were 11.3% higher in all species groups compared to Pg (Figure 4.2).
RO species had the highest Na+ concentration during the leafless phase; however WO
species had the highest concentration during the leafed phase (Figure 4.2). Pg was lower
than one or more species groups during the leafless and leafed phases (Figure 4.2).
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Leafless

Leafed
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Pg
Figure 4.2

RO

WO

HI

Average Na+ concentrations in precipitation (Pg) and throughfall (TF) for
each species group (red oak: RO, white oak: WO, hickory: HI) during the
leafless (Jan.-Mar.) and leafed (Apr.-Sept.) phases.

At the annual scale, K+ concentrations were not significantly different between
species groups and precipitation. All species groups and precipitation had a significant
difference between leaf phases with all solutes significantly increasing during the leafed
phase (p < 0.001). Throughfall concentrations for each species groups far exceeded the
precipitation K+ concentrations with a 60.6% increase during the leafed phase (Figure
4.3). Annual average K+ concentrations were 38.1% higher in RO species groups, 47.2%
in WO, and 46.2% higher in HI species groups compared to precipitation. WO species
had the highest average K+ values during the leafed period (Figure 4.3). Although not
significantly different, average annual K+ concentrations was 8.3% higher in WO
throughfall compared to other species groups (Figure 4.3).
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Figure 4.3

RO

WO

HI

Average K+ concentrations in precipitation (Pg) and throughfall (TF) for
each species group (red oak: RO, white oak: WO, hickory: HI) during the
leafless (Jan.-Mar.) and leafed (Apr.-Sept.) phases.

There were no significant differences between species groups and precipitation
for Ca2+ concentrations. There was a significant difference in Ca2+ concentrations
between leaf phases for all species groups and precipitation (p <0.001). HI species had
13.0% higher average annual Ca2+ concentrations compared to RO (17.0%) and WO
(9.0%) species (Figure 4.4). Precipitation had a 23.9% lower average annual Ca2+
concentration compared to the other species groups (Figure 4.4). For both the leafed and
leafless periods, HI species had an increase in Ca2+ throughfall concentrations ranging
from 26.3-28.1% (Figure 4.4).
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Leafed
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Figure 4.4

RO

WO

HI

Average Ca2+ concentrations in precipitation (Pg) and throughfall (TF) for
each species group (red oak: RO, white oak: WO, hickory: HI) during the
leafless (Jan.-Mar.) and leafed (Apr.-Sept.) phases.

There were no significant interspecific differences between species groups for
Mg2+ concentrations, however RO and HI species had significantly higher solute
concentrations compared to precipitation (RO: p = 0.020, HI: p = 0.050). Mg2+
concentrations were also significantly higher for all species groups and precipitation
during the leafed phase (p > 0.001). Average annual Mg2+ was higher in RO species by
7.8% (Figure 4.5). There was a 46.8% increase in average annual solute concentrations
for all species groups compared to precipitation (RO: 49.7%, WO: 43.7%, HI: 47.0%)
(Figure 4.5). HI species were 32.0% higher in Mg2+ concentrations compared to other
species groups and precipitation during the leafless phase (Figure 4.5). RO species had
higher percent average Mg2+ concentration (22.0%) relative to other species groups and
precipitation during the leafed phase (Figure 4.5).
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Figure 4.5

RO

WO

HI

Average Mg2+ concentrations in precipitation (Pg) and throughfall (TF) for
each species group (red oak: RO, white oak: WO, hickory: HI) during the
leafless (Jan.-Mar.) and leafed (Apr.-Sept.) phases.

Letters (a, b) indicate significant differences from the results of the Tukey analysis at plevel < 0.05 between species groups.
Statistical tests revealed no statistical significance for NH4+ concentrations
between species groups, precipitation, and leaf phases. Patterns of greater annual average
NH4+ content were seen in RO species (Figure 4.6). Precipitation had a 53.3% greater
NH4+ concentration compared to species groups (RO: 2.8%, WO: 16.7%, HI: 57.6%)
(Figure 4.6). This trend remained throughout each leaf phase with a greater NH4+
concentration in precipitation ranging from 64.6%-84.2%, respectively (Figure 4.6)
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Figure 4.6

RO

WO

HI

Average NH4+ concentrations in precipitation (Pg) and throughfall (TF) for
each species group (red oak: RO, white oak: WO, hickory: HI) during the
leafless (Jan.-Mar.) and leafed (Apr.-Sept.) phases.

There were no significant differences between species groups, precipitation, and
leaf phases for Cl- concentrations. Patterns of variability between species groups showed
annual average Cl- concentration to be greater in HI species compared to other species
groups (Figure 4.7). Cl- concentrations were 50.0% greater in precipitation than other
species groups (Figure 4.7). Similar patterns were documented for average Clconcentration during the leafless and leafed phases. Precipitation produced 38.9%-57.9%
more Cl- than other species groups (RO: 52.7%, WO: 49.3%, HI: 48.0%) (Figure 4.7).
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Figure 4.7
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HI

Average Cl- concentrations in precipitation (Pg) and throughfall (TF) for
each species group (red oak: RO, white oak: WO, hickory: HI) during the
leafless (Jan.-Mar.) and leafed (Apr.-Sept.) phases.

Statistical tests exhibited no differences between species groups, precipitation, or
leaf phases for NO3- concentrations. General trends show annual NO3-concentrations to
be 38.6% higher in WO species relative to RO and HI species (Figure 4.8). Precipitation
average annual NO3- concentrations were slightly higher than RO and HI species
however; there was a 5.3% increase in WO species compared to precipitation values
(Figure 4.8). During the leafless period, WO species continued to have the highest NO3concentration. During the leafed period, NO3- concentrations were 54.5% higher in
precipitation for the leafed period (Figure 4.8).
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Figure 4.8

RO

WO

HI

Average NO3- concentrations in precipitation (Pg) and throughfall (TF) for
each species group (red oak: RO, white oak: WO, hickory: HI) during the
leafless (Jan.-Mar.) and leafed (Apr.-Sept.) phases.

SO42- concentrations had no significant differences between species groups and
precipitation. There was a significant increase in SO42- concentrations during the leafed
phase (p = 0.010) for all species groups and precipitation. WO species showed patterns of
higher SO42- concentration with a 10.9% increase compared to RO (14.0%) and HI
(7.9%) species (Figure 4.9). Average annual precipitation SO42- concentrations were
28.4% greater than other species groups (RO: 33.5%, WO: 22.6%, HI: 28.8%) (Figure
4.9). HI species SO42- concentrations were 38.8% greater during the leafless period and
precipitation had the highest concentration for the leafed period (Figure 4.9).
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Figure 4.9
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Average SO42- concentrations in precipitation (Pg) and throughfall (TF) for
each species group (red oak: RO, white oak: WO, hickory: HI) during the
leafless (Jan.-Mar.) and leafed (Apr.-Sept.) phases.

There were no significant differences in DON concentrations between species
groups and precipitation. DON concentrations significantly increased during the leafed
phase (p = 0.030) for precipitation, RO and HI species. RO species had a 53.8 % greater
DON concentration than other species groups (Figure 4.10). All species groups had
67.5% higher DON concentration compared to precipitation (RO: 79.6%, WO: 46.0%,
HI: 62.0%) (Figure 4.10). WO species had 78.3% greater DON in leafless phases with
RO species having 64.1% greater DON concentrations than all other species groups and
precipitation (Figure 4.10).
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Figure 4.10
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H

Average dissolved organic nitrogen (DON) concentrations in precipitation
(Pg) and throughfall (TF) for each species group (red oak: RO, white oak:
WO, hickory: HI) during the leafless (Jan.-Mar.) and leafed (Apr.-Sept.)
phases.

DOC concentrations had no significant differences between species groups. There
was a significance increase in WO species in relation to precipitation (p = 0.020). DOC
concentrations increased for all species groups and precipitation for the leafed phase (p
<0.001). General trends showed WO species had 19.4% greater DOC concentrations
compared to other species groups (Figure 4.11). WO species had a higher DOC
concentration than all species groups and precipitation for both leafless and leafed
periods (Figure 4.11).
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Figure 4.11

RO

WO

HI

Average dissolved organic carbon (DOC) concentrations in precipitation
(Pg) and throughfall (TF) for each species group (red oak: RO, white oak:
WO, hickory: HI) during the leafless (Jan.-Mar.) and leafed (Apr.-Sept.)
phases.

Letters (a, b) indicate significant differences from the results of the Tukey analysis at plevel < 0.05 between precipitation and species groups.
4.2

Leaf Litter Quality and Quantity
Total stand LAI for 2014 was 5.62 m2 m-2 and 5.92 m2 m-2 in 2015. At the

beginning of leaf fall for 2014, HI species composed 1.87 m2 m-2, followed by RO
species (1.68 m2 m-2), WO species (1.23 m2 m-2), and Misc. species (0.84 m2 m-2).
Incremental weekly decreases in LAI during leaf fall were variable between species
groups. The percent leaf loss from 26-Sept-14 to 07-Nov-14 was 11.9 % for RO species,
18.7% for WO species, 34.8 % for HI, and 23.4% for Misc. species (Figure 4.13). This
date was chosen for percent leaf loss comparison across species groups because percent
leaf loss was constant for all species groups after this date with no leaves remaining after
09-Dec-14 (Figure 4.13). These data show that oak species had a lower percent leaf loss
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than HI and Misc. species groups during the majority of leaf fall. Similar patterns of
decline were observed during leaf senescence for 2015, with total stand LAI of 1.82 m2
m-2 of RO species, 1.31 m2 m-2 of WO species, 1.63 m2 m-2 of HI species and 1.13 m2 m-2
of Misc. species (Figure 4.12). For the 2015 leaf-fall season, percent leaf loss for leaves
from the beginning of leaf senescence 25-Sept-15 to 06-Nov-15 was 18.5% for RO
species, and 13.6% for WO species, 36.3% for HI species, and 36.2% for Misc. species.
After this date, the percent leaf loss was constant for all species groups. Significant
differences in percent leaf loss during 2015 were found between RO and Misc. species (p
= 0.005). Analogous to leaf senescence patterns of 2014, leaves were lost rapidly after
06-Nov-15 with no leaves in the canopy after 11-Dec-15.
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Figure 4.12

16-Oct-15

6-Nov-15

27-Nov-15

LAI of each species group (red oak: RO, white oak: WO, hickory: HI,
miscellaneous: Misc.) during leaf fall in 2014 (A) (total LAI: 5.62 m2 m-2)
and 2015 (B) (total LAI: 5.92 m2 m-2).

During leaf fall of 2014, leaf foliar analysis determined that average C/N ratios
were significantly higher in oak species compared to non-oak species (Figure 4.13). RO
C/N ratios in leaf litter were significantly greater relative to HI species (p >0.001). WO
C/N ratios in leaf litter were also significantly greater than HI (p > 0.001) and Misc. (p =
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0.005) species groups. Interspecific differences in leaf litter during leaf fall showed
similar trends in 2015 with higher average C/N ratios in oak species relative to non-oak
species (Table 4.3). C/N ratios were significantly greater in oak species compared to
hickory species (RO-H: p >0.001, WO-H: p >0.001). WO showed significantly higher
C/N ratios compared to Misc. species (p >0.001). WO species were also significantly
higher in C/N ratios than RO species (p = 0.002).
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Leaf fall C/N ratios for each species group (red oak: RO, white oak: WO,
hickory: HI, miscellaneous: Misc).

The box-plot shows the maximum value, upper quartile range, median, lower quartile
range, and minimum value of this data.
Letters (a, b, c) indicate significant differences from the results of the Tukey analysis at
p-level < 0.05 between species groups.
The highest litter grab sample mass was in RO species (97.5 g) followed by Misc.
species (82.2 g), HI species (57.5 g), and WO species (54.3 g) in January 2015 (Figure
4.14). Litter grab samples were less than half the original mass in all species groups by
September 2015. By September 2015, RO species had the lowest percent leaf loss
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(65.5%) followed by Misc. species (82.8%), WO species (84.2%), and HI species
(85.0%) (Figure 4.14). WO species had similar leaf litter C/N ratios (30.3) compared to
RO species (33.5) that were both slightly higher than average HI (28.7) and Misc (29.0)
species (Figure 4.15). C/N ratios in oak species for litter grab samples showed no
significant differences between species groups (p = 0.142). Although not significantly
different, this data follows similar trends as the leaf fall litter with oak species generally
having higher C/N ratios relative to non-oak species.
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white oak: WO, hickory: HI, and miscellaneous: Misc) from Jan-Sept.
2015.

The box-plot shows the maximum value, upper quartile range, median, lower quartile
range, and minimum value of this data.
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DISCUSSION
5.1

Throughfall Hydrology and Chemistry
Research involving throughfall canopy interactions is subject to variability from

meteorological events. This study had a low sample size (16 events) with storm events
varying in intensity, duration, and chemical composition. Therefore, lack of significant
can be attributed to many compounding variables and the limited number of replicate
storms. A study concluded that more than 20 rain events are needed to get sufficient
throughfall hydrology and biogeochemical results due to the extreme variability of storm
events (Lovett and Lindberg 1984).General trends of hydrologic fluxes and ion
concentrations, although not significant, were noticeable between species, and it is
hypothesized that more data observations would provide a clearer picture of these
relationships.
In this study, higher throughfall volumetric fluxes were documented underneath
RO and H species during the leafed phase. The overall average increase in throughfall
partitioning during the leafless phase may be the result of the absence of vegetation
during the dormant season. Lack of vegetative surfaces will subsequently decrease
interception and evaporation rates thus increasing throughfall volumetric flux. For
example, Staelens et al. (2006) found that throughfall volumetric fluxes decrease
significantly (p = 0.014) with increasing canopy cover during the growing season.
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Storm variability strongly influence throughfall hydrology and chemistry.
Hydrologic behavior in a forest can be altered by the magnitude, duration, and intensity
of precipitation (Crockford and Richardson 2000). Similar to studies such as Skau (1964),
summer rain events were shorter, higher intensity storms that were extremely isolated
(Table 4.1). Throughfall partitioning during the leafed phases, such as the 2-Apr-15 to 3Apr-15 event have very high throughfall partitioning under HI (147.1%) species which
may have been the result of throughfall apparatuses being placed under drip points that
would artificially increase throughfall volume compared to precipitation (Herwitz 1987).
There were no significant differences in solute concentrations between species
groups. The majority of solutes, however, were greater in RO and WO throughfall
compared to HI species (Table 4.3). The general trend of increased solute concentration
in oak throughfall may be a result of larger canopies and canopy foliar traits (Carlisle et
al. 1967; Carlyle-Moses and Laureano 2004; Alexander and Arthur 2010, 2014; Bhat et
al. 2011). In other studies, oaks have been documented to have higher solute
concentrations compared to other species. Similar to K+ and Mg2+ throughfall
concentrations in Morris et al. (2003), this study noted a higher solute increase
underneath oak species groups (Table 4.3). In this study, patterns of increased inorganic
N concentrations were documented in oak throughfall compared to other species groups
(Table 4.3, Figure 4.6, 4.8). Increased NH4+, NO3-, Na+, and K+ were significantly higher
in an oak–birch forest site compared to a downy birch (Betula pubescens) swamp forest
(Herrmann et al. 2006). Oak species had higher Ca2+ and Cl- throughfall concentrations
compared to beech trees (André et al. 2008), however HI species at SNA had higher
throughfall Ca2+ concentrations compared to oaks (Table 4.3, Figure 4.7). Although HI
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species had higher average annual Cl- concentrations, average concentrations were higher
in WO species during the leafed phase which correlates with findings from André et al.
(2008). Van Ek and Draajers (1999) found the increase of canopy leaching for SO4 2−,
Mg2+, and K+ in oak stands during the leaf emergence in spring was greater than Douglas
fir (Pseudotsuga menziesii) stands, and in Scotch pine stands (Pinus sylvestris). Similar
trends of increase for these solutes were found in this study in oak throughfall.
The majority of solutes in this study, with the exception of NH4+, Cl-, and SO42-,
had higher average concentrations in throughfall of each species group than precipitation,
which could be the result of leaching interactions from vegetative surfaces (Potter et al.
1991; Van Stan et al. 2012). Precipitation has been documented to accelerate leaching of
K, Na, Ca, and Mg elements in forest canopies and soils (Eaton et al. 1973; Zhaohua et
al. 1995). Lower pH levels in water also have a relatively greater ability to dissolve
compounds and have a greater H+ ion content that binds to cation exchange sites and
increase leaching opportunities (Abrahamsen et al. 1980), although lower pH levels
compared to all species groups and precipitation were not observed in this study (Table
4.3).
Certain elements have higher leachability values than others. Gosz et al. (1969)
found leaching to be greatest in the following order: Na > S > K > Mg > Ca > N > P. The
larger values of Na+ and K+ in throughfall for this study could therefore be caused by the
higher mobility of these elements. Leaves also contain higher amounts of K+ compared to
other elements thus increasing the chance of having larger concentrations in throughfall
(Carlisle et al. 1967). K+ is weakly bound to plant tissues which increases the chance of
leaching into throughfall (Gosz et al. 1969). Leaching mobile elements from forest
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canopies, such as Mg2+, Ca2+, and K+ , has been determined to be a large contributor to
forest nutrient cycles (Parker 1983). Potter et al. (1991) found that canopy leaching
interactions contributed twice as much Mg2+ compared to dry deposition inputs in a
forest. Studies show mixed results when comparing NO3- and NH4+ concentrations in
forest ecosystems. André et al. (2008) found significant leaching of these solutes from
leafed canopies of mixed hardwoods and pure beech stands. In contrast, other studies
noted a decrease of NO3- and NH4+ in throughfall due to tree, microorganism, and
epiphyte uptake (Lovett and Lindberg 1984; Lovett et al. 1993; Hamburg and Lin 1998).
This study showed greater throughfall DON and DOC concentrations compared to
precipitation. A study examining dissolved organic matter (DOM) found similar results
and determined throughfall DON and DOC concentrations derived from canopy leaching,
pollen deposition, and accumulated atmospheric DOM (Mellec et al. 2010).
Increased solute concentrations in throughfall compared to precipitation for this
study could be the result of canopy deposition capture. Several authors link canopy
density indices, such as leaf and branch cover, to increased throughfall deposition in
forests (Potter et al. 1991; Lovett et al. 1996; Whelan et al. 1998; Staelens et al. 2006).
Increased Ca2+ concentrations observed in throughfall during this study may be the result
of dry deposition capture and wash off from vegetative surfaces rather than leaching
interactions (Rielley et al.1991; Hedin and Likens 1996). The lower leachability of DON
from vegetative surfaces generally causes lower yields of this element in throughfall for
forest ecosystems (Qualls et al. 2000). The increase of ion concentrations in throughfall
suggests the importance of deciduous foliage in modifying precipitation chemistry. NH4+
inputs for this study were lower in throughfall solute concentration compared to
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precipitation due to canopy uptake. Most Cl- concentrations in throughfall are from
atmospheric dry deposition of salts and cloud condensation nuclei (Parker 1983). The
location of the precipitation collector on a dairy farm may have contributed to the greater
Cl- concentrations in precipitation. Miller et al. (2011) documented high Clconcentrations in cow manure and woodchip bedding. These findings could explain the
increase in Cl- concentrations in precipitation collectors which were adjacent to a cow
pasture during this study. SO4-2 values are often variable and are greatly influenced by
pollution (Bhat et al. 2011). Some explanation as to why precipitation had higher SO4-2
values is the direct absorption of S gases (SO2) into precipitation (Eaton et al. 1973).
These gases would generally be taken up by the canopy and would not be represented in
throughfall unless leaching occurred (Oludare 2008).
The majority of throughfall solute concentrations increased during the leafed
phase, with the exception of NO3- and Na+. Leafed phases increase throughfall ion
concentrations by providing additional surfaces to capture atmospheric deposition that is
washed to the forest floor as throughfall during storms events (Fowler 1989; Morris et al.
2003; Adriaenssens et al. 2012). The leafed period increases leaching interactions during
times of physiological activity (Van Stan et al. 2012). Similar trends were observed in a
hardwood forest with solute concentrations 2-12 times higher during the growing season
compared to the dormant season (Mahendrappa 1974; Lovett and Lindberg 1984).
Research evaluating throughfall ion concentrations found an increase of ion
concentrations caused by canopy exchange during the leafed period compared to the
leafless period (André et al. 2008). K+, Mg2+, NH4+, and Cl- concentrations substantially
increased during the growing season through dry deposition and leaching from the
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canopy (Adriaenssens et al. 2012). Puckett (1990) suggested greater physiological
activity from the presence of leaves increased throughfall concentrations of K+, Mg2+,
and SO42-during the growing season. NO3- and NH4+ may be absorbed from rainfall by
foliage and/or taken up by microorganisms and epiphytes (Lovett and Lindberg 1984;
Lovett et al. 1993; Hamburg and Lin 1998). Decreased concentrations of NO3- in
throughfall during the growing season were observed in this study and may be the result
of canopy absorbing NO3- from precipitation (Potter et al. 1991). Na+ inputs in forests
have been documented to be primarily through dry deposition and do not contribute to
leaching or canopy uptake interactions (Ulrich 1983). Although the decrease of Na+
during the leafed season for this study is not known, other studies, such as Adriaenssens
et al. (2012), documented higher concentrations of Na+ in throughfall during the dormant
season for a Fagus sylvatica L. (beech) and Picea abies (Norway spruce) canopy.
5.2

Leaf Litter Quality and Quantity
The relative change in LAI between species groups was documented to vary during

the leaf fall period. Oak species dropped leaves at a much lower rate compared to others
deciduous species at this site. Research evaluating marcescence, the retention of leaves
after autumnal leaf fall documented oak species to retain leaves far after leaf fall (Berkley
1931; Abadia et al. 1996). Although the species in this study did not marcesce,
differences in leaf retention during leaf fall were observed. Aboal et al. (2000) found a
decline in throughfall inputs with increase in LAI. An effect of leaf area on throughfall
NH4+ and NO3- deposition was apparent among a mixed conifer forest with larger LAI
increasing atmospheric deposition scavenging (Fenn et al. 2000). Attempts to link
differences in throughfall volumetric flux and increasing ion concentrations due to longer
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leaf retention have been scarce. Further research will be needed to observe the effects of
interspecific leaf retention on water and nutrient cycling during leaf fall.
Higher C/N ratios were observed in oak leaf fall as well as leaf litter in the
subsequent year. This observation may relate to the slower decomposition in oak species
leaf litter. Boerner and Koslowsky (1989) found slower rates of nutrient release from
decomposing leaf litter caused by elevated C ratios in the leaf tissue underneath sugar
maple (Acer saccharum Marshall), American beech (Fagus grandifolia Ehrh.), and white
ash (Fraxinus Americana L.). Variability of C/N between years could be caused by
different factors such as temperature, throughfall solute concentrations, and
microorganism composition in the leaf litter (Stadler et al. 2001). Species-specific leaf
litter content influencing C/N ratios have also been suggested by other studies. Oak
species have higher levels of tannins (Parker 1977) that reduce N availability by tightly
binding N to proteins. This creates a more recalcitrant leaf structure and may decrease the
rate of oak foliar decomposition. The slower decay rate in oak species in this study could
indicate a slower release of nutrients when other litter has already been decomposed.
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CONCLUSION
The results of this study indicate the importance of oak foliar traits to forest
hydrology, biogeochemistry and overall forest health and imply that a shift in canopy
dominance could influence future Southeastern upland oak-history forest dynamics.
Throughfall volumetric flux varies with seasonal changes in vegetation cover rather than
interspecific differences between species, therefore the loss of these species may have
little effect of hydrologic fluxes. The higher solute concentrations in oak throughfall may
be a result of larger canopies and canopy foliar traits, suggesting the importance that
these species have to the nutrient dynamics in an upland oak-hickory forest. Throughfall
solute concentrations were higher than precipitation indicating the importance of
deciduous foliage in modifying precipitation chemistry. Solute concentrations were
greatest in throughfall during the growing season, which may be caused by the presence
of leaves that help capture atmospheric deposition as well as leach more nutrients into
throughfall during times of physiological activity. Although oak only accounted for
~50% of canopy LAI, oaks retained the majority of leaves for longer during leaf fall.
Higher C/N ratio and slower decay rates in oak litter indicate a slower nutrient release
which may be beneficial when other litter has already decomposed during the growing
season. Slower decomposing leaves may also have a slower release on nutrient limiting
sites and would therefore retain nutrients that would otherwise be lost.
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The results presented in this study have indicated the importance of upland-oak leaf
traits to nutrient cycling in an oak-hickory stand in Mississippi. Literature has not yet
documented the effects of red oak, white oak, and hickory species to hydrology and
biogeochemical cycling in oak-hickory forests of the Southeastern United States. These
data provide evidence and highlight the need to further understand the water and nutrient
dynamics of oak dominated ecosystems. The current state of nutrient cycling in these
forest could be altered by a species dominance shift. If these inputs and outputs are
altered due to a shift in species dominance, there could be a change in the overall water
and nutrient dynamics for these systems which may lead to a net loss of essential
nutrients. Continued work that measures forest hydrology and biogeochemistry in oak
species may improve restoration efforts in these systems and add to the lack of
understanding in oak nutrient and water cycling for an upland oak-hickory forests in the
Southeastern United States.
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